assays, indicating that the EE and CBS motifs are responsible for the binding of CCA1 to BAS1 and SOB7 promoters, respectively. 
CCA1 is a repressor of BAS1-GUS and SOB7-GUS activity
To test the effects of CCA1 on BAS1 and SOB7 activity, two constructs pBAS1:BAS1-GUS and 2 0 3 pSOB7:SOB7-GUS (genomic DNA translational fusions with 1.6 and 2.1 kb of their native 2 0 4 promoters, respectively; Sandhu et al., 2012; Peng et al., 2015) were used to transform the CCA1 2 0 5 loss-of-function mutant cca1-1. Approximately 25% of the T1 primary transformants of both 2 0 6 pBAS1:BAS1-GUS/cca1-1 ( Fig. 2A ) and pSOB7:SOB7-GUS/cca1-1 ( severe dwarf phenotype associated with BR deficiency (BR-dwarf). Similar BR-dwarf 2 0 8 transformants were observed when expressing the two constructs in the ATAF2 loss-of-function 2 0 9 mutant ataf2-2, while none of the pBAS1:BAS1-GUS and pSOB7:SOB7-GUS transgenic plants in Col-0 background showed dwarfism (Peng et al., 2015) . The results indicate that like ATAF2, 2 1 1 CCA1 may also suppress the expression and activity of BAS1 and SOB7. To compare the activity of pBAS1:BAS1-GUS or pSOB7:SOB7-GUS in wild-type (Col-0) 2 1 3 and cca1-1 backgrounds with identical insertion sites in the Arabidopsis genome, we adopted a 2 1 4 9 cross-segregation approach previously applied to ataf2-2 (Peng et al., 2015) . Homozygous T3 2 1 5 plants were isolated from the BR-dwarf pBAS1:BAS1-GUS/cca1-1 and pSOB7:SOB7- GUS/cca1-1 and pSOB7:SOB7-GUS/cca1-1 F2 segregants retained the BR-dwarf phenotype, 2 1 9 whereas all pBAS1:BAS1-GUS/Col-0 and pSOB7:SOB7-GUS/Col-0 siblings were 2 2 0 morphologically normal (Fig. 2C, D) . The results confirmed that the BR-dwarf phenotype of 2 2 1 pBAS1:BAS1-GUS/cca1-1 and pSOB7:SOB7-GUS/cca1-1 transgenic plants were caused by the 2 2 2 disruption of CCA1. Both BAS1-GUS and SOB7-GUS have specific accumulation patterns that limit their presence in 2 2 6 certain tissues of seedlings and plant organs (Sandhu et al., 2012) . BAS1-GUS accumulates in 2 2 7 seedling roots, the shoot apex, and certain leaf regions, whereas SOB7-GUS activity can only be 2 2 8 observed in the root tip and elongation zone (Peng et al., 2015) . Using CCA1-GUS transgenic tissue-specific repressor of BAS1 and SOB7. To test this hypothesis, we performed GUS ( Fig. 3P-T) . Five-day-old seedlings, cauline and rosette leaves, as well as flowers and siliques 2 3 5
CCA1 modulates the tissue-specific protein accumulation patterns of BAS1-GUS and SOB7-GUS
were stained (Fig. 3) . The results showed that BAS1 and SOB7 expression expanded to more 2 3 6 tissues with the disruption of CCA1. In a cca1-1 background, both BAS1 and SOB7 GUS-fusion 2 3 7 signals were dramatically expanded and enhanced in seedlings, leaves, flowers and siliques when 2 3 8 compared with their expression patterns in the wild type (Col-0) (Fig. 3 ). BAS1 and SOB7 2 3 9 expression was also found in stigma and peduncle tissues when CCA1 was disrupted (Fig. 3D, I , seedling roots (Fig. 3A , F, K, P). This result is consistent with the observation that CCA1 had no and the cca1-1 ataf2-2 double mutant showed similarly elevated BAS1 expression when 2 5 0 compared to the wild type (Col-0) (Fig. 4A, B) , demonstrating that the removal of either CCA1 either cca1-1 or ataf2-2 single mutants (Fig. 4C) . However, in darkness the genetic impact of CCA1 or ATAF2 on SOB7 transcript accumulation is similar to that of BAS1 (Fig. 4D ). These white light but not in darkness. Since BRs promote hypocotyl growth in white light but have the opposite, suppressing, effect Since cca1-1 had slightly shorter hypocotyls than Col-0 even without BL treatment ( Fig. 5A ), transcript accumulation peaks appeared after entering the dark period for four hours (Fig. 8 ). 2007; Thornton et al., 2010; Sandhu and Neff, 2013) . At least ten BR-inactivating genes have
been identified in Arabidopsis including; P450 hydroxylases, glycosyltransferases,
acyltransferases, sulfotransferases and a reductase. The redundancy of BR-inactivating pathways
is consistent with the fact that BRs act in local tissues at extremely low endogenous maintaining BR homeostasis appears to be as critical as the biosynthesis and signaling pathways,
since tissue-specific BR levels can be fine-tuned by multiple inactivating enzymes and their activating BAS1 expression at organ boundaries (Bell et al., 2012) . As two transcriptional
repressors of BAS1 and/or SOB7, ATAF2 and ARF7 integrate BR inactivation with auxin 3 2 8 biosynthesis and signaling, seedling photomorphogenesis, disease resistance and stress tolerance 3 2 9
( Peng et al., 2015; Youn et al., 2016) .
CCA1 is a direct repressor of both BAS1 and SOB7
The existence of EE and CBS motifs in BAS1 and SOB7 promoters (Peng et al., 2015; Fig. 1A) 3 3 3
indicates that these two genes may be included in the regulatory network of the core circadian
clock protein CCA1. The genomic approach of chromatin immunoprecipitation followed by deep be that DNA from actively transcribed regions tends to be more exposed to binding proteins and
antibodies due to nucleosome depletion (Teytelman et al., 2013) . Since both BAS1 and SOB7
have extremely low expression levels that are restricted to specific tissues (Neff et al., 1999; 3 4 6 Turk et al., 2003; 2005; Sandhu et al., 2012; Peng et al., 2015) , the two genes are more likely to 3 4 7 be filtered out than other loci in the ChIP-seq assay. CCA1 also binds to the promoter of the BR biosynthetic gene DWF4 and activates its expression et al., 2018) . This report, together with our finding that CCA1 directly suppresses the regulator of BR accumulation. require appropriate sequence context within the broader regulatory region (Kamioka et al., 2016) .
CCA1 also prefers to bind EE relative to CBS (Nagel et al., 2015; Kamioka et al., 2016) .
Consistent with these findings, CCA1 did not bind pBAS1-CBS1, but did interact with pBAS1-
EE in our study (Fig. 1B, D, E) . In contrast, ATAF2 is able to bind both pBAS1-EE and pBAS1- BAS1 and SOB7 expression to additional tissues, but the suppressing patterns of CCA1 and ( Peng et al., 2015) , whereas these changes did not exist in the cca1-1 background (Fig. 3D, I , N, the expansion was restricted to leaf veins in cca1-1 (Fig. 3K, P) . These tissue-specific pattern 3 7 4 differences may reflect the distinct expression patterns of CCA1 and ATAF2.
7 5
About one-quarter of the T1 pBAS1:BAS1-GUS/cca1-1 ( Fig. 2A) and pSOB7:SOB7-
GUS/cca1-1 (Fig. 2B) In both light-and dark-grown seedlings, CCA1 and ATAF2 suppress BAS1 expression without
an additive effect (Fig. 4A, B) . In contrast, CCA1 and ATAF2 additively suppress SOB7
expression in seedlings grown in continuous white light (Fig. 4C) . However, CCA1 and
ATAF2's suppression of SOB7 expression is not additive in darkness (Fig. 4D ). This light-
dependent collaborative suppression of SOB7 helps to explain the observation that cca1-1 ataf2-
2 seedlings only shows greater insensitivity to exogenous BL treatments than either of the single 3 9 1 mutants when grown in white light but not in darkness ( Fig. 5; Fig. S1 ). Although BL is not
likely to be a preferred substrate for SOB7 (Thornton, et al., 2010) , increased expression of
SOB7 can still reduce the overall endogenous levels of BRs. It is important to note that the CCA1 and ATAF2 expression (Wang and Tobin, 1998; Peng et al., 2015; Fig. 8) , and CCA1-
ATAF2 interactions at both the DNA-protein and protein-protein levels (Fig. 7) . Though we
have shown that CCA1 and ATAF2 physically interact via targeted Y2H analysis (Fig. 7E ), BL in our study (Fig. 6) . Since CCA1 is a core regulator for the circadian clock, it is not 4 0 9
surprising that BRs do not have a significant impact on its expression. dark and increasing in the light period (Fig. 8 ). This observation is consistent with our previous
finding that ATAF2 is a repressor for BAS1 and SOB7 expression (Peng et al., 2015) . The
expression of CCA1 itself is also subject to circadian oscillation with peak levels occurring after consistent with our observation that CCA1 suppresses ATAF2 expression in the light but the 4 2 0 effect switches to promotion in darkness (Fig. 7C, D) . The comparison of oscillation patterns In seedlings grown under a 12-h light and 12-h dark photoperiod, ATAF2 expression gradually
drops in the dark and increases steadily after the transition to light, with transcript accumulation 4 2 7 levels peaking at the beginning of the evening and being the lowest around dawn (Fig. 8) . On the 4 2 8
other hand, we previously found ATAF2 has higher transcript accumulation in dark-grown of ATAF2 in white light is fluence-rate dependent (Peng et al., 2015) . ATAF2 expression can also 4 3 1 be suppressed when etiolated seedlings are transferred to white light (Peng et al., 2015) . These We summarized the roles of CCA1 and ATAF2 in regulating BR inactivation and how circadian 4 3 9
and photomorphogenic pathways are incorporated (Fig. 9) . Both CCA1 and ATAF2 suppress the and SOB7. While ATAF2 expression is feedback suppressed by BRs, CCA1 is not subject to this Table S1 . Sequences of ATAF2 promoter fragment used for targeted Y1H. transcriptional repressor with dual roles in brassinosteroid homeostasis and growth responses. Science 307, 1634-1638. Cells 34, 305-313. Experimental Botany 59, 17-24. activation of the CYP72C1 gene, has altered brassinosteroid levels. The Plant Journal 42, 13-22. 
